Abstract CAP1400 is an advanced large passive nuclear power technology under research and development, and related electromechanical equipment should be improved to guarantee the safety. The driving systems of main steam and feed water isolation valves are electromechanical equipment in nuclear power plants with nonlinear systems, which are not easy to be identified with traditional mathematical models. This article presents the design process of a novel driving system of the main steam isolation valve under the emergency quick-closing situation, which do not need the mathematical models. The novel driving system, which has a symmetrical and concise structure, is designed to include only two independent hydraulic output circuits, two independent hydraulic input circuits, and a nitrogen circuit for auxiliary driving. A cosimulation method, which takes advantage of AMESim, Adams, UG, and MATLAB, was proposed to establish the models of the main steam and feed water isolation valve and the driving system. Finally, co-simulations and experimental verifications of the emergency quick-closing situations, which include two hydraulic output circuits working together for quick closing and only one hydraulic output circuit for quick closing, were provided to confirm the performances and effectiveness of the proposed driving system and co-simulation method.
Introduction
As the third generation of nuclear power technology booming in the United States and China, 1,2 such as AP1000 3, 4 and CAP1400, 5 reliabilities and motion performances of related electromechanical equipment should be improved. 6, 7 At present, CAP1400 is one of the maximum nuclear power technologies under the research and development, 8, 9 and only the construction cost of a CAP1400 nuclear power plant can be more than billions of dollars. The driving systems of main steam and feed water isolation valves are typical electromechanical integration equipment, which involve multidisciplinary knowledge and ensure the safety of nuclear power plants. It is not easy to fulfill these equipments' simulation tasks by a single software platform. 10 So, it is an inevitable option and the best strategy to adopt multiple software platforms to design, validate, and optimize the equipment. Co-simulations are the hotspots of the computer simulation field, 11 which also reflect the concept of the digital nuclear power plant. 12 The driving systems of main steam and feed water isolation valves with the quick-closing function have almost the same long history as nuclear power plants. 13 The first driving system for closing the valve quickly, which was very large and electric-powered, was equipped in the first commercial nuclear power plant in the world in 1956. The driving system was not equipped with any energy storing devices, and the quick-closing time was long, which was not reliable to close the valves quickly if its electrical system lost control. In 1960's, with a smaller volume and a lighter weight, the medium-powered driving system was developed, but the quick-closing time highly depends on the medium state. For example, if the temperature of the main steam is below 75°C, the quickclosing time could not be guaranteed between 2 and 5 s. Besides, the system cannot be detected locally and suffered from leakage problems. In 1970's, independent spring energy storing devices were added in the driving system to ensure the quick-closing time. But the mechanical property of the spring varies with the temperature and service time, which affects the reliability. And the driving system was too complex to change the spring energy storing device. In 1990's, the nitrogen energy storing device was developed to guarantee that the valves can be closed quickly and reliably, which was proved to be effective in practice. But the driving system was pneumatic, which still suffered from leakage problems and had a bad antiseismic performance.
14 At present, hydraulic-pneumaticpowered driving systems, which adopt hydraulic circuits to close the valves and nitrogen energy storing devices, are applied in nuclear power plants. This type of driving systems is much more reliable than the previous systems, and the working mode can be diversified, such as opening valves, keeping valves open, quick closing, and keeping valves closed, which also can be examined locally. 15 However, the hydraulic-pneumatic-powered driving systems being on active service in nuclear power plants in the world, which are too complicated to be monitored and maintained, contain too many circuits and hundreds of components. So, on the premise of the high reliability, it is vital to develop new hydraulic-pneumatic-powered driving systems with concise circuits.
To help the design of the driving system of main steam and feed water isolation valves for CAP1400, this article presents a co-simulation method and experimental verifications, which is organized as follows. Section ''Model description'' describes the schematic model of main steam and feed water isolation valves and the driving system. Section ''The co-simulation system'' shows the co-simulation method, and the simulation model of the driving system with the valve was established. Section ''The co-simulation of quick closing'' sets the parameters and presents the results of the cosimulations of the emergency quick-closing situations. Experimental verifications of the prototype were shown in section ''Experimental verification.'' Finally, concluding remarks are presents in section ''Conclusion.''
Model description

Main steam and feed water isolation valves
As shown in Figure 1 , the main steam isolation valve (MSIV) is located on the main steam piping of nuclear 14 is located on the main feed water piping. If necessary, MFIV should be shut off to stop the water fed by condensers. MFIV and its driving system are the same as MSIV and its driving system, so in the following article, MSIV will replace main steam and feed water isolation valves for short. MSIV, which is one of the key electromechanical equipments, guarantees the normal operation of nuclear power plants.
The driving system of MSIV
The reliability of MSIV must be high, which is guaranteed by the driving system. When emergency situations happen, such as the accidental main steam line break and the leakage of the main steam, to ensure the safety of nuclear power plants, the driving system must close MSIV between 2 and 5 s.
The main performance requirements of the driving system of MSIV for CAP1400 are shown in Table 1 . The driving system is 1E class and nuclear safety class equipment, which is one of the most demanding equipments in nuclear power plants. The closure of MSIV can divided into two types: one is slow closing and another is quick closing. The quick closing is much more important than the slow closing. The duration of quick closing should be between 2 and 5 s. If the time is less than 2 s, the impact force of quick closing is usually too large, which may cause the damage of the main steam pipe. On the contrary, if the time is longer than 5 s, the leakage of the steam or water may cause the further damage of nuclear power plants. So, the quickclosing time is very strict, which is guaranteed by the driving system.
The schematic of the hydraulic-pneumatic-powered driving system of MSIV is shown in Figure 2 , which includes hydraulic circuits and pneumatic circuits. The valve rod is controlled by these circuits to realize the open or closure of MSIV. The number of switchings should be 3000 at least. The function of pneumatic circuits is to assist hydraulic circuits in closing MSIV when hydraulic circuits meet trouble. The maximum pressure of hydraulic circuits and pneumatic circuits should be less than 8.2 MPa. If MSIV needs to be closed quickly, the time must be perfectly between 2 and 5 s.
The co-simulation system
In nuclear power plants, there are lots of electromechanical equipment like MSIV and the driving system, which involve multidisciplinary knowledge. Only one software platform is usually unable to fulfill the simulation tasks, so the co-simulation method is a better choice.
Method
As shown in Figure 3 , a co-simulation method was proposed to solve the simulation problem of MSIV and the driving system, which includes three-dimensional (3D) modeling, mechanical dynamic modeling, hydraulicpneumatic modeling, and data processing. The 3D modeling part of the co-simulation method is to establish the 3D model of the electromechanical equipment. The input of the 3D modeling part is the 3D size parameters of the equipment, and the output is the 3D model files, which are the import of the mechanical dynamic modeling part.
After importing the 3D model files, the mechanical dynamic modeling part is to define kinematic pairs and constraints of the 3D model. This part exports dynamic model files with kinematic parameters into the hydraulic-pneumatic model, such as the displacement and velocity of the valve rod, and imports hydraulic forces and pneumatic forces from the hydraulicpneumatic model.
The hydraulic-pneumatic modeling part is to establish the simulation model of the driving system. The parameters, such as flow rates and pressures of all hydraulic-pneumatic circuits, can be calculated. The hydraulic-pneumatic model generates the thrust to drive the valve rod in the dynamic model to accomplish required movements, and the dynamic model feeds back the displacement and velocity of the valve rod into the hydraulic-pneumatic model. The thrust is the resultant force of hydraulic forces and pneumatic forces. In the co-simulation method, the hydraulic-pneumatic model is like a master, while the dynamic model is a slave. Besides, the software for establishing the mechanical dynamic model and the hydraulic-pneumatic model should be compatible and support each other.
The data processing part is to calculate, redraw, and show the key parameters from the hydraulic-pneumatic model and the mechanical dynamic model.
Considering the advantages, disadvantages, and compatibility of different simulation software, UG, Adams, AMESim, and MATLAB are adopted to accomplish the co-simulation. UG is one of the competent 3D modeling software platforms, which is similar to Solidworks or Pro-E; Adams is one of the most popular and professional mechanical dynamic software platforms; AMESim is suitable for machine, electricity, magnetic, hydraulic, and pneumatic simulation fields; 16 MATLAB is one of the competent data processing software platforms. In the whole co-simulation method, AMESim and Adams are the key simulation software, while MATLAB and UG are helpful to realize the cosimulation conveniently.
The co-simulation idea is suitable for the simulation design, verification, and optimization of electromechanical equipment in nuclear power plants, which will shorten the design cycle and reduce the construction cost on a large scale.
Modeling
The 3D model is shown in Figure 4(a) , which includes the driving system, the valve rod, and MSIV. The rise and fall of the valve correspond to the opening and closing of MSIV, respectively. As shown in Figure 4 volumes of A 3 and A 4 section are varied with the working status of MSIV. The hydraulic oil cannot be mixed with the main steam; otherwise, the dynamics of the hydraulic oil will be destroyed. The stroke length L of the valve rod is decided by L 1 and L 2 , which was shown as formula (1)
where L 1 = 900 mm and L 2 = 850 mm, so L = 850 mm. As shown in Figure 4(b) , the mechanical dynamic model in Adams was established, where the links, kinematic pairs, and forces were defined. The driving system and MSIV are defined with fixed joints, and the valve rod is defined with a sliding pair. The forces on the valve rod include the hydraulic force H f , the pneumatic force P f , and the gravity G. During the co-simulation, the gravity G is provided by Adams, and the mass value of the valve rod is set to 1967 kg. The hydraulic force H f and the pneumatic force P f are provided by AMESim, which change in real time during the co-simulation.
As shown in Figure 5 , the novel driving system for CAP1400, which includes two hydraulic output circuits, two hydraulic output circuits, and a nitrogen circuit for auxiliary driving, was designed to ensure the reliability of MSIV. The driving systems of MSIV currently used in nuclear power plants are much more complicated than the driving system for CAP1400 proposed in this article.
The driving system shown in Figure 5 can be divided into six parts: B 1 and B 4 are the same hydraulic output circuits, while B 2 and B 5 are the same hydraulic input circuits; B 3 includes the MSIV model imported from Adams and the nitrogen circuit B 32 À B 34 À B 33 ; B 6 is the module to set the hydraulic oil and gas properties.
When MSIV is being closed, the hydraulic oil flows from B 3 to B 1 . The signals B 11 and B 13 control the open or closure of the hydraulic output circuit, and the signal B 14 controls the open extent of the throttle valve on the hydraulic output circuit. In this situation, the oneway valve B 23 is closed so that the hydraulic input circuit B 2 is closed. For the nitrogen circuit, the gas flows from B 33 to B 32 . The working situations of B 4 and B 5 are similar to those of B 1 and B 2 , respectively.
When MSIV is being opened, the hydraulic oil flows from B 2 to B 3 . The driving signal B 21 actuates the motor B 22 , which extracts the oil from the oil tank. The oil passing through the one-way valve B 23 flows into B 3 . If the oil pressure is too high, the decompression valve B 24 will release the pressure. In this situation, the signal B 11 makes B 1 closed and there is no flow in the output circuits. The gas flows from B 32 to B 33 . The working situations of B 4 and B 5 are also similar to those of B 1 and B 2 , respectively.
With the absolutely high reliability, the solenoid valves of the driving system of MSIV are 1E class, which should satisfy the test requirements of IEEE 323, IEEE 344 and IEEE 382 standards. When MSIV is requested to be closed quickly, two hydraulic output circuits and the nitrogen circuit work together to close MSIV quickly, and the closing time should be 2-5 s. If one of the hydraulic output circuits were broken down, the other one and the nitrogen circuit should also accomplish the quick-closing task.
Although the hydraulic circuits look complicated, most components in the hydraulic circuits are sensors or instruments to improve the reliability and safety, which are designed to transfer information for controlling and monitoring.
To satisfy the requirements of these emergency situations, in the following co-simulation section, the parameters of the driving system will be designed and verified.
The co-simulation of quick closing
The quick closing of two hydraulic output circuits If both of two hydraulic output circuits are in good condition, after receiving the emergency order, B 1 and B 4 will work together to close the valve.
The main component parameters in the driving system are shown in Table 2 . The gains of all the pressure sensors are set to 1. In the driving system, there are lots of signals, which are used to control the driving system.
The control signal of B 11 is as formula (2) signal B 11 ð Þ= 0 0 t\2 255 2 t t 1 0 t 1 \t 6 8 < : ð2Þ Figure 5 . The driving system model in AMESim. , air/gas content = 0.1%, bulk modulus = 17,000 bar, absolute viscosity = 51 cP where t 1 À 2 is the quick-closing time, and 255 is the numerical value of the nominal operating current of the solenoid valve.
B 13 is the signal function set as formula (3) function B 13 ð Þ= 1; 1:5x À y\0 0; 1:5x À y ! 0 ð3Þ where x and y are the input pressure signals of B 13 . When the input signal from B 11 is 0, x = y and B 13 is 0, which indicates that the hydraulic output circuit is closed; when the input signal from B 11 is 255, x = 0 and B 13 is 0, which indicates that the hydraulic output circuit is opened. B 14 is the signal function set as formula (4) function B The value of B 21 is 0 during the simulation, which means that the hydraulic input circuit has no flow. During the quick closing of two hydraulic output circuits, the parameter settings of B 4 and B 5 are the same as those of B 1 and B 2 .
As shown in Figure 6 , co-simulation results of the quick closing of two output circuits include curves of the control signal, the rod displacement, the flow rate, and pressures. The control signal in B 1 and B 4 is shown as Figure 6(a) . At the time 2 s, the output circuits are opened, and at the time 4.29 s, the quick closing is finished, which means that the quick closing lasts 2.29 s. Figure 6(b) presents the displacement of the valve rod, which shows that MSIV is fully open at the beginning of the co-simulation and MSIV is closed in the end. During the quick closing, the motion of the valve rod is almost uniform linear. Figure 6 (c) and (d) shows the flow rates and pressures of output circuits, respectively. During the quick closing, lots of oil flow through the hydraulic output circuits, and almost no oil flow through the hydraulic input circuits. The pressure at port A of the solenoid valve on the output circuit is proportional to the flow rate.
The nitrogen pressure of B 33 is shown as Figure 6 (e), and the initial pressure is 80 bar. Figure 6 (f) illustrates the nitrogen pressure of B 32 , and the initial pressure is 1.013 bar.
The quick closing of one hydraulic output circuit
If one of the output circuits were broken down, such as B 4 , the other one and the nitrogen circuit should accomplish the quick-closing task. The parameter setting of one output circuit is almost the same as that of two output circuits, and the only difference is that B 4 is shut down.
As shown in Figure 7 , the curve shapes of cosimulation results are almost the same as those of Figure 6 , and the difference is that the quick-closing time of one hydraulic output circuit lasts 4.48 s.
Comparison
The Adams effect picture comparison between two output circuit closing and one output circuit closing is shown in Figure 8 , and the quick-closing performance comparison is summarized in Table 3 . As shown in Table 3 , except the closing time, the differences of other parameters are not significant. The comparisons illustrate that the proposed driving system can accomplish the quick-closing tasks of two output circuits and one output circuit with the same parameters, which bring convenience to the design of the driving system.
Experimental verification
The prototype shown in Figure 9 adopts the driving system proposed in this article. The maximum pressure of the driving system in the prototype is set to 8.2 MPa. Several groups of experiments are done on the prototype, and the experiment data are shown in Table 4 . No. 1 ; No. 3 test items listed in Table 4 are static with no differential pressure in the main steam isolation piping, and No. 4 ; No. 6 test items are dynamic with 9.02 MPa in the main steam isolation piping. The setting of 9.02 MPa differential pressure in the main steam isolation piping is intended to simulate the pressure effects of the main steam flow, which is usually much smaller than 9 MPa in practice.
According to Table 4 , the average closing time of one circuit is 4.55 s and the average closing time of two circuits is 2.3 s. The prototype successfully fulfills the quick-closing task between 2 and 5 s. Besides, the differential pressure in the main steam isolation piping has little effect on the results.
By comparing the experiment data in Table 4 with the co-simulation data in Table 3 , it is easy to draw the conclusion that the experiment results match with the co-simulation results, which also verify the design of the electromechanical equipment.
In the engineering application, there are still a lot of parameters which can influence the performances, 17 such as the length and diameter of the piping, the property of oil and gas, the aging and wear of the driving system. Further study will focus on these parameters.
Conclusion
This article presents the design and verification process of the driving system of main steam and feed water isolation valves for CAP1400, and the main contributions are as follows: Figure 8 . Adams effect picture comparison between two output circuit closing and one output circuit closing: (a) two output circuit closing and (b) one output circuit closing.
1. A co-simulation design method for the driving system of main steam and feed water isolation valves was proposed for the first time in the field of electromechanical equipment of nuclear power plants, which can shorten the design cycle and reduce the construction cost.
2. A novel driving system for CAP1400 with two independent hydraulic output circuits, two independent hydraulic input circuits, and a nitrogen circuit for auxiliary driving was design and cosimulated, which is concise and reliable. 3. The co-simulation and experiment results indicate that the quick closing of both two hydraulic output circuits and only one hydraulic output circuit can guarantee the reliability of the quickclosing time between 2 and 5 s. 4. The main parameters of the driving system were designed and verified in the co-simulation model and related experiments, which can be the references for the subsequent engineering design, parts purchasing and further tests.
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